The authors present results on the performance of a hybrid external cavity photonic crystal laser-comprising semiconductor optical amplifier, and a 2D photonic crystal cavity fabricated in low-temperature amorphous silicon. The authors demonstrate that lithographic control over amorphous silicon photonic crystal cavity-resonant wavelengths is possible, and that single-mode lasing at optical telecommunications wavelengths is possible on an amorphous silicon platform.
Introduction
Demand for internet-based data services is driving an increase in global IP traffic. Currently 122 exabytes (EB) are being moved each month; this is expected to reach 400 EB per month by 2022 [1] , and by 2020 it is predicted that 77% of global internet traffic will be within data centres [2] . These market needs illustrate current demand for high-performance computing technology that can enable high-volume and high-speed data transfer in computer networks. Recent work, which demonstrated 256 × 256 optical packet switching using eight 40 Gbit/s transceivers, has confirmed that integrated photonic devices have become a key technology for moving large volumes of data in computer networks [3] . Photonic routing technology is being used in data centres as standard rackmount optical backplane systems with an aggregated data rate of 50 Tbit/s using 25 Gbit/s optical transceivers [4] .
Development of optical interconnect technology requires complex integration schemes; in the drive to reduce optical interconnect energy consumption and increase data rates, new schemes are proposing to package photonic routing and electronic processing technologies on the same substrate [5] . The next step is to examine whether it is possible to integrate photonic devices directly on microprocessors which are fabricated using CMOS technology. Current silicon photonic transceivers are fabricated on 220 nm crystalline silicon (c-Si) [6] , however, c-Si is not compatible with the CMOS processing technology used to fabricate microprocessors [7] .
Amorphous silicon (a-Si) is known to be compatible with CMOS technology [7] . It has been shown that low-temperature back-end-of-the-line (BEOL) a-Si processing does not affect the performance of transistors fabricated in the commercial 90 nm CMOS process previously offered by IBM foundry services [7] . Much work has gone into the development of low-temperature fabrication processes to ensure that a-Si is compatible with CMOS process technology. Previously a-Si had to be deposited at 550 • C [8] , but recent work has shown that a-Si can be processed at temperatures as low as 230 • C [9] .
The potential of a-Si for use in photonic applications has been demonstrated with some success. In [10] an 8-channel optical add-drop multiplexer based on hydrogenated amorphous silicon (a-Si:H), micro-ring resonators with a radius of 10 µm were shown to operate with 100 GHz bandwidth. In [11] fiber-to-chip grating couplers, low-loss single-mode photonic wire waveguides, power splitters, Mach-Zehnder interferometers and micro-Ring resonators with Q-factors of 20,000 that were reported for 200 nm a-Si:H platforms, device performance was comparable to devices with similar dimensions in the c-Si platform. The electro-optic effect, used to enable optical modulation, has been demonstrated in a-Si:H with a modulation efficiency of V π L = 5.9 Vcm [12] . Numerical schemes exist to optimize the design of a-Si:H Mach-Zehnder type modulators [13] .
To fully realize the potential of a-Si for integrated photonic devices an a-Si-based light source must be developed. Recent work in this area has shown that it is possible to heterogeneously integrate a III-V semiconductor-distributed feedback laser onto standard c-Si SOI via a wafer bonding process where low temperature a-Si was used as the coupling medium between the laser and the SOI [14] .
In this work we will demonstrate, for the first time, the operation of an external cavity photonic crystal laser-comprising semiconductor optical amplifier (SOA) gain medium, a wavelength selective mirror formed by a photonic crystal (PhC) cavity fabricated in low-temperature a-Si, and an SU8 polymer waveguide to enable low-loss optical propagation. Results obtained as part of this work will show, for the first time, that it is possible to obtain lithographic wavelength control of PhC cavity in a-Si and also that single-mode lasing can be achieved in a laser in which a-Si forms an integral part of the laser cavity.
The hybrid external cavity photonic crystal laser has been previously demonstrated with c-Si as the medium in which the 2D PhC cavities were fabricated [15] . The laser uses a polymer bus waveguide concept to optimize coupling between the SOA and the PhC cavity [16] ; this approach has the advantage of minimizing the propagation losses associated with a-Si. The PhC cavity is of the dispersion-adapted (DA) type and has been optimized for a-Si [17] . Other advantages associated with the hybrid external cavity photonic crystal laser are its reduced footprint, the fact that SOA gain chips can be fabricated with lengths on the order of 400 µm while PhC cavity lengths are on the order of 20 µm and increased electrical efficiency, and that hybrid external cavity laser configurations with wall plug efficiency of 12% have been reported [18] .
The structure of the paper is as follows: Section 2 describes the preparation of the low temperature a-Si samples, the fabrication of 2D PhC cavities in that material and the preparation of a polymer waveguide that optimizes coupling between SOA and the PhC cavity; Section 3 describes the results of the measurements made to demonstrate the laser operation. In particular Section 3.1 describes the measurement of transmission spectra of the a-Si PhC cavities and their variation with the lattice constant and Section 3.2 describes the measurements obtained during the operation of the hybrid external cavity PhC laser. It will be shown the single-mode lasing is possible with this laser configuration but optimization of the cavity geometry is required.
Fabrication of 2D Photonic Crystal Cavities and Polymer Waveguides on Amorphous Silicon
Fabrication of the substrate starts with the deposition of a 2.1 µm thick layer of SiO 2 on a single side of a 100 mm bulk silicon wafer through plasma-enhanced chemical vapour deposition. Due to the relatively low refractive index of SiO 2 , n = 1.45 at λ = 1550 nm, this SiO 2 layer provides good a refractive index contrast with the a-Si layer (whose refractive index is n = 3.5 at λ = 1550 nm [13] ), necessary for optical mode confinement in the a-Si layer. Amorphous silicon is deposited on the oxide layer through low pressure chemical vapour deposition up to target thickness of 220 nm; this process is performed at low temperature, T = 350 • C, which makes the deposited a-Si compatible with both top-down and bottom-up CMOS processes [7] . The final surface roughness of the deposited a-Si layer is in the range of a nanometre, thus light scattering phenomena, even in the absence of a chemical-mechanical planarization step, are limited.
After the low temperature deposition the a-Si is coated in photoresist and patterned with dispersion-adapted (DA) PhC cavities [17] through electron-beam lithography. The material is subsequently dry etched with a reactive ion etcher in an isometric SF 6 :CHF 3 plasma. The etching recipe is designed to target smooth and vertical sidewalls of the photonic crystal holes, crucial to minimizing scattering losses. A scanning electron microscope (SEM) image of the fabricated PhC cavities can be seen in Figure 1 . The length of the PhC cavity is approximately 10 µm. Measurements of the PhC hole diameters indicate that it is 190 ± 6 nm. SEM images show that holes etched in a-Si are uniform in shape and distribution, which is indicative of a high quality fabrication process. The ratio of hole-radius to lattice constant for these structures is r/a = 0.245, similar to the value of r/a = 0.28 reported for the PhC structures in [15] . The DA PhC cavities are accessed by evanescent coupling through the polymer waveguide fabricated on top of them [16] ; see Figure 2 for schematic. The highest coupling quality factor is obtained by interposing a thin spin-on-glass (SOG) between the a-Si cavities and the final polymer waveguide layer. This thin SOG layer is created by spin-coating the sample with Accuglass T11, a methyl-siloxane polymer containing 10% CH 3 groups bonded to Si atoms in the Si-O backbone. The SOG layer is cured in an oxidation furnace with N 2 atmosphere at temperature T = 425 • C to minimum the thickness of 200 nm for 1 h. To ensure future CMOS process temperature compatibility, SOG processing could be accomplished at T = 200 • C [19] . The cured Accuglass is then etched back to the target thickness of 170 nm in O 2 plasma. The refractive index of the SOG layer is n = 1.4 at λ = 1550 nm [20] . The effect of the SOG layer is to enhance the mechanical stability of the PhC cavity and also to improve the symmetry of the PhC cavity mode.
The polymer waveguide layer is fabricated by spin-coating the samples with a 2.1 µm thick layer of SU8, an epoxy-based photoresist characterized by a refractive index of n = 1.56 at λ = 1550 nm. The SU8 is soft-baked on a hotplate at 95 • C and then patterned with 3 µm wide waveguides on top of the DA PhC cavities. The SU8 waveguide are finally hard-baked at a temperature of 180 • C. The location of the polymer waveguide in relation to the PhC cavity can be seen in Figure 2 . 
Optical Characterization Measurement Results

Photonic Crystal Transmission Spectra
Optical characterization of the a-Si PhC cavities was performed using an end-fire measurement set up; see Figure 3 for schematic. To measure the optical transmission spectra of the PhC cavities a broadband Amplified Spontaneous Emission (ASE) source (Amonics ALS-CL-15-B-FA, https://www. amonics.com/product/39). was coupled to the polymer waveguide over the a-Si PhC cavity via a circulator, free-space optics and polarizing beam splitter. Light transmitted through the PhC cavity was collected from the polymer waveguide after propagation through the second lens system. Optical power was measured on a power meter and optical spectra were measured on an optical spectrum analyzer with a spectral resolution of 50 pm. Temperature of the a-Si PhC cavity was maintained at T = 25 • C by an external temperature controller. Measurement of the DA PhC cavity transmission spectra show that multiple resonances can be obtained and that the position of these resonances varies with the PhC lattice constant; see Figure 5 . Shift in resonance wavelengths with PhC lattice constants show that it is possible to have fine control over optical characteristics of the a-Si PhC cavity. Given the level of control that is available it should be possible to deploy a-Si PhC cavity in a wavelength-division multiplexing (WDM) application. Linear fits of the resonant wavelength versus PhC lattice constant data for each mode show that the average slope of the fits is computed to be ∆ λ/∆a = −1.4 ± 0.6. The average measured Q-factor for the resonances shown in Figure 5 is Q = 4294, but measured Q-factors as high as Q = 15,862 can be obtained; see Figure 4 . In [15] it was reported that a similar DA PhC with lattice constant of 388 nm fabricated on c-Si had resonant wavelengths at λ = 1539 nm and λ = 1547 nm, it can be seen from Figure 5 that for the same DA PhC with the same lattice constant, but different hole radius, the a-Si PhC has resonant wavelengths at λ = 1535 nm and λ = 1543 nm, the variation in resonant wavelengths for the DA PhC can be attributed to different hole radius values, r = 108 nm in the case of c-Si and r = 95 nm in the case of a-Si, and differences in refractive index between a-Si and c-Si. 
Hybrid External Cavity Laser Operation
An external cavity laser is set up using a variation of the end-fire measurement system, see Figure 3 . A commercial, packaged SOA (Kamelian SOA OPA-20-N-C-F-A) is used as the laser gain medium, lenses are used to couple the broadband SOA output to the a-Si PhC cavity which acts as a wavelength selective mirror, and a 98% retro-reflector coupled to standard single-mode fibre (Thorlabs P5-SMF28ER-P01-1) is used to form the second mirror of the laser cavity. The 5 m length of the cavity in this instance is determined by the length of the fibre pigtails on the commercial SOA and the spacing between the lenses that couple light from the SOA to the a-Si chip. Since the PhC acts as a wavelength selective mirror only light with wavelength within the PhC resonance bandwidth gets reflected from the PhC back into the SOA. As the wavelength selected by the PhC mirror propagates in the SOA it is amplified. Further details concerning the operation of this type of laser can be found in [15] . The temperature of the SOA and the PhC cavity were separately maintained at a constant temperature of T = 25 • C. The SOA used in these measurements has a gain spectrum peak at λ = 1560 nm.
The power-current characteristic for the laser with lattice spacing of 390 nm was measured using an optical power meter; see Figure 6 . After correcting for the lens system insertion losses, approximately 10 dB, the laser is seen to output optical power of 4 mW for 100 mA of current across the SOA, which is more than double the output power observed in a similar system reported in [15] where 1.8 mW of output power was measured for 80 mW of SOA current. The laser threshold current is approximately 22 mA and is typical for lasers of this type; in [15] a threshold current of 23.6 mA is reported. The slope efficiency of the laser above threshold is 0.054 W/A. The optical spectrum of the laser output was measured on an Optical Spectrum Analyser (OSA) for several samples with different lattice spacings. Figure 7 shows the measured optical spectrum of three lasers with PhC cavity lattice spacings of 386 nm, 388 nm, and 390 nm operating in a single-mode regime with wavelengths of 1562.76 nm, 1569.42 nm, and 1577.95 nm respectively. Observed lasing wavelengths are consistent with the measured PhC cavity resonant wavelengths shown in Figures 4 and 5 . The side-mode suppression ratio (SMSR) in each case is 26 dB, 24 dB, 33 dB. The current across the SOA in each case was 27 mA, and with the retro-reflector in place the SOA output power at this current was −10.9 dBm.
Single-mode operation of the lasers was not maintained as the SOA current increased. Figure 8 shows spectral broadening of the laser line as the SOA current increased from 30 mA to 90 mA. The spectrum bandwidth increased from 0.2 nm at I = 30 mA to 1.6 nm at I = 90 mA. The data shown in Figure 8 is for the PhC sample with lattice spacing of 386 nm, and similar behavior was observed with the other samples. Broadening is caused by the simultaneous lasing of multiple lines within the laser cavity. In a cavity of length 5 m the longitudinal mode spacing was approximately 0.33 pm. The bandwidth of the PhC resonances was approximately 0.25 nm which means that there were many modes available for lasing. As the SOA current increased every longitudinal cavity mode present in the resonance peak bandwidth had enough amplification to win over total round-trip losses, even if they were reflected less compared with the main peak; this lead to very fast switching of the lasing mode between the available cavity modes, which was then captured by the time-averaged spectra on the OSA, whose resolution was limited to 50 pm, as spectral broadening. When the current increases further, the gain is so high that even other resonances with lower Q factors are in an over-threshold condition and all the cavity modes overlapping with these resonances start lasing. In particular, it can be seen that a PhC resonance of around 1559 nm, shown in Figure 4 , starts lasing for SOA currents greater than 40 mA.
Conclusions
Dispersion-adapted PhC cavities of length 10 µm were fabricated on a low-temperature, CMOS compatible a-Si platform. The fabrication process was optimized to ensure a high-uniformity of hole diameters and smooth sidewalls. A low-loss polymer waveguide was formed on top of the PhC cavity to optimize optical coupling to the PhC cavity.
Measurements of the transmission spectra of the PhC cavities show that the PhC exhibit resonant reflections in the C and L wavelength bands relevant for optical telecommunications. Data shows that it is possible to obtain PhC cavities with Q-factors as high as Q = 15,862. Data shows that is is also possible to achieve lithographic control over the positions of the resonant wavelengths by careful choice of the PhC lattice constant.
Measurement of the optical spectrum of the hybrid external cavity photonic crystal laser shows that it is possible to operate this laser in a single-mode configuration with SMSR of 33 dB. Unfortunately, it was not possible to maintain single-mode operation due to the length of the cavity used to make the hybrid external cavity laser. To ensure single-mode operation, the length of the laser cavity would need to be reduced to the range of millimetres. This could be achieved by packaging the a-Si PhC reflector with an RSOA gain chip whose length is on the order of 500 µm. Funding: The authors gratefully acknowledge the following funding sources EU ERC-SG 337508 DANCER, EU H2020 Marie Skłodowska-Curie 713654 and SFI 18/TIDA/6128.
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